ABSTRACT: Protein kinases are mutated or otherwise rendered constitutively active in numerous cancers where they are attractive therapeutic targets with well over a dozen kinase inhibitors now being used in therapy. While fluorescent sensors have capacity to measure changes in kinase activity, surprisingly they have not been utilized for biomarker studies. A first-generation peptide sensor for ERK based on the Sox fluorophore is described. This sensor called ERK-sensor-D1 possesses high activity toward ERK and more than 10-fold discrimination over other MAPKs. The sensor can rapidly quantify ERK activity in cell lysates and monitor ERK pathway engagement by BRAF and MEK inhibitors in cultured melanoma cell lines. The dynamic range of the sensor assay allows ERK activities that have potential for profound clinical consequences to be rapidly distinguished. KEYWORDS: ERK, biomarker, melanoma P rotein kinases are mutated or otherwise rendered constitutively active in numerous cancers where they are attractive therapeutic targets with well over a dozen kinase inhibitors now being used in therapy.
P rotein kinases are mutated or otherwise rendered constitutively active in numerous cancers where they are attractive therapeutic targets with well over a dozen kinase inhibitors now being used in therapy. 1 Melanoma is a common and deadly form of skin cancer, accounting for over 76 000 cancer diagnoses and 9000 deaths a year in the United States (seer.cancer.gov). In 2002, it was discovered that more than 50% of melanomas contain a constitutively active mutant of the kinase BRAF called BRAF V600E , with an additional 20% subsequently found to express mutations in NRAS.
2−5 These oncogenes cause inappropriate activation of ERK signaling, which is a dominant driver of human melanoma. Within a decade small molecule kinase inhibitors of BRAF and MEK were developed and clinically validated, showing significant short-term responses in patients with BRAF mutant melanomas. 6−11 Despite such initial and often dramatic responses to targeted kinase therapies, it is impossible to predict which patients, even with appropriately genotyped tumors, will respond, and resistance develops quickly. [6] [7] [8] 12 Thus, while BRAF inhibitors have an average response rate of 50%, this ranges from disease progression to complete response. [6] [7] [8] 12 Likewise, although acquired resistance is usually inevitable, the timing can range from a few months to over a year. [6] [7] [8] 12 The basis for these differences is not understood and several unaddressed problems that contribute to these shortcomings include (1) failure to use adaptive dosing guided by pharmacodynamic end points, such as kinase activity inhibition; (2) the inability to presage acquired resistance before macroscopic tumor changes, and (3) a lack of mechanistic understanding regarding early treatment failures. Furthermore, dosing of cancer therapies is largely standardized, 13 with no regard for pharmacogenetic variation or functional end points that correlate with response.
As noted above, melanoma is often driven by ERK pathway activation, with high ERK activity, a hallmark of melanomas harboring activating BRAF and NRAS mutations. 4, 5, 14 Vemurafenib and dabrafenib are BRAF inhibitors, and trametinib is a MEK inhibitor used for the treatment of BRAF mutant melanoma. These drugs are clinically effective in the short term and result in ERK pathway inhibition. 6, 9, 12, 15, 16 Importantly, a high degree of ERK inhibition correlates with clinical response (tumor shrinkage), 6, 12, 17 while ERK pathway reactivation is a hallmark of many melanomas that have acquired resistance to BRAF and MEK inhibitors and consequently progress. 18−25 The combination of evidence implicating the functional importance of ERK in melanoma and the prevalence of BRAF and MEK inhibitors in the clinic provide a compelling rationale to develop a biomarker for ERK, potentially as the basis for a new point-of-care assay guiding the treatment of melanoma. ERK is a member of the mitogen-activated protein kinase (MAPK) family, which consists of three main classes of enzyme; the extracellular signal regulated kinases (ERKs), the Jun Nterminal kinases (JNKs), and the p38 MAPKs. 26 We considered the possibility of creating a biomarker assay for ERK by exploiting its mechanism of substrate recognition through recruitment sites. Several years ago, Fernandes et al. described a peptide substrate, which exhibits significant specificity for ERK. 27 This peptide is modular in design and contains a D-site joined to a phosphorylation site through a linker. We characterized the kinetic mechanism of phosphorylation of a similar peptide called Sub-D 28 by ERK2, which has a different linker, and found that Sub-D is phosphorylated through a sequential mechanism with comparable efficiency to Ets-1, 29 one of the most efficient substrates known for ERK2. 28 Previously, Sox-based peptide sensors have been reported for a number of protein kinases, including AKT, 30, 31 MAPKAP-K2, 30, 31 PKA, 30, 31 and p38 MAPKα, 32 and have been used to detect changes in the activity of the kinases in cell lysates. 30, 32 While such sensors have capacity to measure changes in kinase activity, surprisingly they have not been utilized to quantif y kinase activities in tissue samples for biomarker studies. This may be attributed, in part, to significant phosphorylation by endogenous kinases, which reduces their useful dynamic range. However, with the advent of potent and relatively selective kinase inhibitors the potential now exists for exquisite quantification of cellular kinase activities.
In the present study a first-generation peptide sensor for ERK1/2 based on the Sox fluorophore is described (Scheme 1).
This sensor called ERK-Sensor-D1 possesses high activity toward ERK1/2 and more than 10-fold discrimination over other MAPKs. We show that the sensor can rapidly quantify ERK activity in cell lysates and monitor ERK pathway engagement by BRAF and MEK inhibitors in cultured melanoma cell lines. Importantly, when used with specific MAPK inhibitors, the enhanced dynamic range of the sensor allows ERK activities that have potential for profound clinical consequences to be rapidly distinguished.
ERK-Sensor-D1 Is a Selective Fluorescent Substrate of ERK1/2. We reasoned that the following characteristics of a biomarker assay using a fluorescent kinase sensor were desirable: (1) the assay must exhibit a robust fluorescence change upon phosphorylation by the target kinase; (2) the sensor must be an efficient substrate for the target kinase with a k cat /K m of ∼10 6 M −1 s −1 ; (3) the assay must exhibit high selectivity for the target kinase; and (4) a stable baseline must be achievable corresponding to zero activity of the target protein kinase.
A combination of protein NMR studies, 33 molecular modeling 34 and kinetic investigations on ERK2 28 suggest that the D-site of Sub-D supports efficient phosphorylation through its tethering to the D-recruitment site of ERK ( Figure 1A ). This tethering promotes the binding of the phosphorylation sequence (TGPLSPCPF) to the active site of ERK2 by virtue of a linker, which ultimately facilitates phosphorylation of the serine through a mechanism of proximity-induced catalysis. 35 We reasoned that Sub-D might form the basis for a fluorescent sensor so we investigated its ability to discriminate between isoforms of JNK1/2/3, p38 MAPK α/β/γ/δ, and ERK1/2, which we had purified and activated using previously reported procedures. We found that it exhibits >10-fold discrimination (a higher k cat /K m ) for ERK1/2 over the other MAPKs when assayed at 500 μM MgATP (Table 1 and Figure 1B) .
Encouraged by these results we synthesized a fluorescent derivative using the approach of the Imperiali laboratory 36 and incorporated the Sox fluorophore to Sub-D through covalent attachment to a Cys residue introduced at the P + 2 position to generate ERK-Sensor-D1(Scheme 1). 36 To verify that the incorporation of a Sox-modified Cys does not influence the predicted binding mode of the peptide, ERK-Sensor-D1 was modeled onto the surface of ERK2 using a molecular docking approach as described previously ( Figure 1C ). 28 This model supports the notion that the Sox moiety adopts a conformation 34 to the phosphorylation motif (Ser-Pro indicated). Coulombic surface representation was performed in Chimera using default parameters. D. Fluorescence emission spectra of ERK-sensor-D1 before and after overnight phosphorylation with ERK2. Fluorescence emission spectra of fully phosphorylated (solid lines) and unphosphorylated peptides (dotted lines) were taken.
that does not interfere with the recognition of the peptide substrates by ERK2.
ERK-Sensor-D1 was assessed for its ability to undergo a change in fluorescence (excitation 360 nm; emission 492 nm) following exhaustive incubation with and without ERK2. Integration of the emission spectra indicated that the fluorescence intensity increases by 5-fold upon phosphorylation ( Figure 1D) . The peptide was then assessed for linearity in its emission spectrum over a concentration of 0−200 μM. It exhibited excellent linearity, consistent with the notion that over the concentration range it does not self-associate in solution to influence the fluorescence emission spectrum. Having shown that ERK-Sensor-D1 exhibits robust changes in fluorescence over a wide concentration range, we examined its specificity toward the same MAPKs used for Sub-D and found ERK-Sensor-D1 to exhibit a similar ability to discriminate between the MAPKs (see Table 1 and Figure 2A) . These experiments establish that ERK-Sensor-D1 is phosphorylated in vitro with high efficiency (at a similar rate to Ets-1 a bona fide protein substrate of ERK 29 ), exhibits a 5-fold change in fluorescence emission, and is more than 10-fold selective for ERK over other MAPKs.
ERK-Sensor-D1 Activity in Cell Lysates. We then decided to test whether the sensor could be used to monitor ERK activity in cell lysates. We chose to first test the sensor using lysates from HEK293T cells, which exhibit robust ERK activation when treated with phorbol-12 myristate 13-acetate (PMA). Thus, cells were serum starved for 24 h then incubated with or without the MEK inhibitor 37 U0126 (10 μM) for 1 h to suppress ERK activity in the cells, in order to provide a baseline activity toward the sensor under conditions where cellular ERK activity is low. Cells were then treated with or without PMA (10 nM) for 10−15 min before lysis. The extent of ERK, JNK, and p38 activation was evaluated by Western blot analysis using antibodies specific to the active forms of each kinase. The blots indicated that all three MAPKS were activated by the PMA treatment ( Figure 2B ), while incubation with U0126 completely blocked the activation of ERK under all conditions. As Western blotting revealed that both JNK and p38 are active in HEK293T cells, we tested whether they could be inhibited in the assay. Gratifyingly, the inclusion of 1 μM BIRB796 38 and 1 μM JNK-In-8 39 (which are potent and selective inhibitors of p38α/p38β and JNK, respectively) was found to completely suppress the activity of recombinant forms of active p38 and JNK in the fluorescent assay with no effect on the observed activity of ERK2 (data not shown).
We then evaluated the ability of the sensor to report on the activity of ERK using aliquots of cell lysates diluted into assay buffer. When lysate from PMA-stimulated cells was compared to lysate from serum starved U0126-treated cells, a clear reproducible difference in the activity toward the sensor was seen ( Figure 2C ). Interestingly, inclusion of BIRB796 and JNKIn-8 had only a small effect on the signal, suggesting that the p38 and JNK activity in these lysates contributes only marginally to the phosphorylation of the sensor ( Figure 2D ). We also found that immunoprecipitation of ERK5 from lysates of sorbitoltreated cells, in which ERK5 was active, had no effect on the observed signal, suggesting that ERK5 does not significantly contribute to the signal in the assay (data not shown).
We noted that an appreciable "baseline" signal was obtained using lysates from cells incubated with U0126 in which ERK activity was suppressed. This signal corresponded to approximately 20% of the signal obtained using lysates from PMAstimulated cells where ERK was activated. When 1 μM of the ERK inhibitor SCH772984 40 was introduced into the assays of lysates from U0126-treated cells, a similar signal was obtained compared to assays where SCH772984 was absent ( Figure 2D ). As this inhibitor is highly specific for ERK and completely blocks ERK activity in the assay (data not shown), it served as a convenient means of obtaining a baseline reference for quantifying ERK activity in lysates. These experiments provide support for the notion that the sensor can be used to quantify the activity in ERK in cell lysates.
Quantifying Clinically Relevant ERK Suppression. The experiments described above demonstrate the potential of applying the sensor toward the measurement of ERK activity in cell lysates. However, for application of a sensor in assessing ERK activity as a pharmacodynamic biomarker, it was important to assess whether the activity of ERK could be compared between samples and whether ERK could be quantified accurately in cells treated with therapeutic levels of clinically relevant inhibitors of the ERK pathway where significant suppression of cell viability is seen. First we evaluated the ability of the sensor to be calibrated against active recombinant ERK2, as calibration of the assay allows one to estimate the concentration of active ERK in a given cell lysate, enabling comparison between different tissue samples. When we added recombinant ERK to cell lysates we obtained a good linear plot of activity versus the concentration of recombinant ERK2 (0−1000 pM) ( Figure 3A) .
We then used the sensor to evaluate the activity of ERK in five melanoma cell lines expressing BRAF(V600E), which had been treated with different combinations of inhibitors of BRAF-(V600E) and/or MEK. These treatments generated five sets of cell lysates expressing variable levels of active ERK each paired with a cell lysate in which active ERK was suppressed. PLX4720 is a precursor of PLX4032 (Vemurafenib), a BRAF(V600E) inhibitor approved by the FDA for the treatment of late-stage melanoma. AZD6244/Selumetinib is a MEK inhibitor currently under investigation. Expression of BRAF(V600E) results in constitutive activation of ERK in melanoma cells. Therefore, the measurement of ERK activity by the sensor represents a useful indicator of its ability to report on the suppression of ERK activity by ERK pathway clinical inhibitors. We used an antibody that specifically recognizes the doubly phosphorylated form of ERK to estimate its activity in each cell lysate by determining the intensity of the appropriate immuno-active band obtained by Western blotting. Figure 3B shows Western blots of cell lysates from the following cell lines (451Lu-S, 451Lu-R, MEL1617-R, A375, and MEL1617-S) treated with 1 μM PLX4720 and/or AZD6244/ Selumetinib where indicated. PLX4720 completely suppressed constitutive ERK activity in 451Lu-S, A375, and MEL1617-S cell lines. It has little effect on ERK activity in the 451Lu-R and MEL 1617-R cells, which are metastatic melanoma cell lines derived from the corresponding cells that exhibit resistance to PLX4720. However, as shown in Figure 3B these cells are sensitive to AZD6244/Selumetinib, as judged by the suppression of ERK activity. To evaluate the activity of ERK in each cell line, the rate of change of sensor fluorescence was obtained (in the presence of the JNK and p38 inhibitors) and subtracted from the value obtained for the fluorescence change of the sensor in the corresponding paired lysate where the ERK activity was judged, by Western blotting, to be negligible. As we had calibrated the sensor using highly purified recombinant ERK2 ( Figure 3A) we were able to provide an estimate of the concentration of active ERK in each cell lysate based on this calibration. The intensity of the bands from the Western blot also provided an estimate of the relative concentration of active ERK2 in each lysate. In general the two approaches agreed quite well and exhibited a linear correlation of 0.75 ± 0.14 when plotted as the molarity of active ERK (determined by the sensor) versus band intensity (Western blotting) ( Figure 3C ). Minor deviations in the correlation may be attributed to the nature of the Western blotting experiment, which is a multistep process and is prone to variability.
It has been estimated that drugs targeting the ERK pathway must suppress ERK activity by approximately 80% to exhibit clinical efficacy. 12 Thus, to be effective at discriminating between clinically effective and ineffective target engagement requires an ability to distinguish between relatively small differences in low cellular activities of ERK. To assess the potential for our sensor to evaluate the clinical efficacy of a drug we performed a dosedependent inhibition of ERK in BRAF mutant MEL1617-S melanoma cells treated with PLX4720 by Western blot ( Figure  3D ) and correlated the degree of ERK inhibition (measured by the sensor) to the inhibition of cell proliferation (Cell Titer Glo) ( Figure 3E) . By comparing the signal obtained in the absence of drug to the signal obtained from samples treated with a high concentration of drug (where ERK is completely inhibited) the activity of ERK (as judged by the sensor readout) can be determined as a function of drug concentration. This experiment suggested that >90% of ERK inhibition can be accurately measured using the assay and showed that such inhibition is required to achieve the EC 50 in suppression of proliferation ( Figure 3E ). Similar results were obtained when assessing A375 cells ( Figure S1 , Supporting Information). These data highlight the wide dynamic range of the sensor-based assay, which appears to exceed that of the standard Western blot, which is unable to distinguish between the multiple levels of ERK inhibition observed in the kinase assay ( Figures 3D and S1 , Supporting Information). This is critically important as distinguishing between 80% versus over 90% inhibition may have profound clinical consequences, potentially reflecting either resistance or inadequate dosing.
Conclusions. A motivation for the current work was to evaluate the potential for using a sensor to measure ERK activity as a biomarker. Personalized dosing is seen as a critical area for improvement, as dosing of cancer therapies is largely standardized, 13 with no regard for pharmacogenetic variation or functional end points that correlate with a response. Evaluation during therapy is important because, while acquired resistance is an inevitable consequence of targeted therapies, the timing remains unpredictable. Furthermore, recurrent disease can be explosive and is usually identified only during radiographic imaging of tumor masses, making it difficult to implement an appropriate salvage therapy within time. 41 The experiments reported here provide support for the notion that a peptide-based sensor may be used to quantify ERK activity in patient tissue samples. Currently, available methods such as immunohistochemistry performed on archival tissue can be notoriously unreliable and nonquantitative, with extreme sensitivity to fixation methods and processing variation across sites. 42 Studies are currently ongoing to evaluate the ability of the sensor to quantify ERK activity in primary melanoma tumors.
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